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Human lens epithelial cellsCataract-induced by sodium selenite in suckling rats is one of the suitable animalmodels to study the basicmech-
anism of human cataract formation. The aim of this present investigation is to study the endoplasmic reticulum
(ER) stress-mediated activation of unfolded protein response (UPR), overproduction of reactive oxygen species
(ROS), and suppression of Nrf2/Keap1-dependent antioxidant protection through endoplasmic reticulum-
associated degradation (ERAD) pathway and Keap1 promoter DNA demethylation in human lens epithelial
cells (HLECs) treatedwith sodium selenite. Lenses enucleated from sodium selenite injected rats generated over-
production of ROS in lens epithelial cells andnewly formed lensﬁber cells resulting inmassive lens epithelial cells
death after 1–5 days. All these lenses developed nuclear cataracts after 4–5 days. Sodium selenite treated HLECs
inducedER stress and activated theUPR leading to release of Ca2+ fromER, ROS overproduction andﬁnallyHLECs
death. Sodium selenite also activated the mRNA expressions of passive DNA demethylation pathway enzymes
such as Dnmt1, Dnmt3a, and Dnmt3b, and active DNA demethylation pathway enzyme, Tet1 leading to DNA de-
methylation in the Keap1 promoter of HLECs. This demethylated Keap1 promoter results in overexpression of
Keap1mRNA and protein. Overexpression Keap1 protein suppresses the Nrf2 protein through ERAD leading to
suppression of Nrf2/Keap1 dependent antioxidant protection in the HLECs treated with sodium selenite. As an
outcome, the cellular redox status is altered towards lens oxidation and results in cataract formation.
Published by Elsevier B.V.1. Introduction
Age-related cataract (ARC) is a leading cause of blindnessworldwide.
The prevalence of ARCs is increasing rapidly with the global aging of
population. The incidence of cataract is known to increase with age,
and no region of the world is immune to the age-related onset and de-
velopment of cataract [1]. Cataract surgery is the only available andg transcription factor 6; BiP, im-
P-homologous protein; Dnmt,
tiation factor 2α; ER, endoplas-
iated degradation; Ero1, ER
tamate-cysteine ligase catalytic
nit; GR, glutathione reductase;
dihydroﬂuorescein diacetate;
ring enzyme 1α; Keap1, Kelch-
Nrf2, nuclear factor-erythroid-
I, protein disulﬁde isomerase;
tive oxygen species; RT-qPCR,
calcium-transporting ATPase;
tein; TrxR1, thioredoxin reduc-
1 402 559 3869.
alsamy), tshinohara@unmc.edueffective means of treatment. But it should be provided to all those in
need as there are no known effectivemeans of preventing theARCs. Fur-
ther, prevention of ARCs by attenuating the key cataractogenic risk fac-
tors seems to be a best way for the development of nonsurgical
approaches. These strategies not only enhance the quality of life but
also suppress the public health burden [2]. Further, animal model of cat-
aracts are essential to develop these strategies. Even though, there are
several animal model of cataracts available, sodium selenite-induced
cataract is a well-accepted and studied model.
Selenium is an indispensable micronutrient that exerts various vital
biological functions [3]. However, supranutritional levels of selenium
(N1 μM) act as a highly toxic pro-oxidant, and promote the reactive ox-
ygen species (ROS) production by its metabolites through redox cataly-
sis [4,5] and possibly by mitochondrial membrane dysfunction [6].
Selenite is also well-known to induce nuclear cataract within 4–6 days
before the completion of critical lens maturation period in neonatal
rats [7,8]. Further, selenite-induced cortical cataracts are principally in-
volved in protein degradation, liquefaction, and abnormal ﬁbrogenesis,
and are histologically well described [8].
Selenite-induced cataractous lenses are reported to have altered
lenticular Ca2+ homeostasis [9,10], decreased ATP content [11], loss of
reduced glutathione (GSH), elevated NADP/NADPH ratio [10,12], in-
creased glycerol-3-phosphate level [13], and DNA double strand breaks
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m-calpain and signiﬁcant proteolysis of β-crystallin and α-spectrin
[15], instigating their insolubility [16,17], and ﬁnally development of
lens opacity by phase separation in selenite-induced cortical and nucle-
ar cataractous lenses [18,19].
Supranutritional doses of selenite is known to change the conforma-
tional structure of Bax protein [20], and an anion exchanger 1 (AE1)
protein by bindingwith its sulfhydryl groups in the cytoplasmic domain
[21]. Selenite also binds with microtubule proteins and tubulin by
means of disulﬁde bridges between tubulin sulfhydryl groups inducing
a large conformational change of the protein [22]. It is recognized that
protein conformational changes induce the endoplasmic reticulum
(ER) stress in the lens, which is one of central pathway for cataract for-
mation. If proteins conformation is changed or misfolded, they are
retained in the ER for additional processing by ER protein chaperones,
especially immunoglobulin heavy-chain binding protein (BiP), and
targeting the misfolded proteins terminally for degradation by the en-
doplasmic reticulum-associated degradation (ERAD) pathway [23–25].
If the accumulated misfolded proteins are failed to eliminate by the
cell, cell death pathways, i.e. chronic unfolded protein response (UPR)
is activated. We found that almost all cataractogenic stresses induce
ER stress, which triggers all these events [26–30]. We further found a
signiﬁcant loss of Kelch-like ECH-associated protein 1 (Keap1) promoter
DNA methylation in diabetic cataractous lenses, which was not signiﬁ-
cant in clear lenses and in cultured human lens epithelial cells (HLECs;
SRA01/04) [31]. Keap1 is an oxidative stress-sensing protein and is a
negative regulator of nuclear factor-erythroid-2-related factor 2 (Nrf2).
Nrf2 is a central nuclear transcriptional factor, which controls more
than 200 stress-associated genes, including 20 antioxidant genes [32].
Moreover, UPR upregulates intracellular ROS production [33] and acti-
vates Nrf2 to maintain the cellular redox homeostasis from oxidative
damage by controlling the inducible expression of many cytoprotective
genes [34–36]. Under terminal UPR, the level of Nrf2 decreases due to
proteasomal degradation and proteolysis by m-calpain and caspase-3
and caspase-1 [37,38]. Recently, Liu and his colleagues demonstrated
Nrf2 translocation into the nucleus in response to sulforaphane in
HLECs, which coincides with lenticular protection against oxidative
stress [39].
Previously, we established the association of unfolded protein re-
sponse with various cataractogenic stressors, such as valproic acid
[30], low glucose with hypoxic conditions [26], high glucose [28],
homocystine [26] in HLECs as well as in lenses enucleated from galac-
tose fed rats [29]. This results in the overproduction of ROS and ER-
Ca2+ release leading to HLECs death [30]. These studies demonstrated
the associations of unfolded protein response activation, Nrf2 depen-
dent antioxidant system failure and loss of Keap1 promoter DNA meth-
ylation because of altered active and passive DNA demethylation
pathway enzymes in HLECs. As an outcome, cellular redox balance is al-
tered towards lens oxidation and cataract formation.
The present study is hypothesized to study the cataractogenicmech-
anisms of sodium selenite in LECs, since the supranutritional level of so-
dium selenite alters the conformations of various proteins by oxidizing
SH-group in the cysteine residues of several proteins. Ourﬁndings high-
light the associations between induction of ER stress andUPR activation,
ROS overproduction, Nrf2 dependent antioxidant system failure and
loss of Keap1 promoter methylation because of altered active and pas-
sive DNA demethylation pathway enzymes in HLECs by sodium
selenite.
2. Materials and methods
2.1. Experimental animals
13-day-old Sprague–Dawley suckling rats were used in this study.
The suckling rats were housed with their parents in the clean, sterile,
polypropylene cages under standard vivarium conditions (12 h light/dark cycle) with ad libitum access to water and food. All animal exper-
iments were approved by the University of Nebraska Animal Care and
Use Committee and were in compliance with the Animal Welfare Act
(Public Law 91-579) as mandated by the NIH Guide for Care and Use
of Laboratory Animals and the procedures recommended by the Associ-
ation for Research in Vision and Ophthalmology resolution on the use
and treatment of animals in ophthalmic and vision research were
followed. Selenite cataract was induced in the suckling rats by subcuta-
neously injecting sodium selenite (20 μmol/kg body weight) on post-
partum day 14. However, control suckling rats were subcutaneously
injected only with saline. The opacity distribution (by surface plot and
plot proﬁle) of the control and cataractous lenses were determined
from the captured images by ImageJ analysis software [40].
2.2. Cell culture
HLECs (SRA01/04) were cultured overnight in DMEM, High glucose
(Life Technologies) with 10% fetal bovine serum (Gemini Bio-Products)
under 20% atmospheric oxygen at 37 °C. Cells were plated 24 h prior
to experiment in DMEM, Low glucose (Life Technologies) under 4% at-
mospheric oxygen and cultured with 10 μM sodium selenite (Sigma)
for the indicated time. At the end of the experiment, the cells were har-
vested and used for Western blotting, intracellular ROS production and
cell death assays, real-time quantitative PCR (RT-qPCR), and bisulﬁte ge-
nomic DNA sequencing.
2.3. Cell viability/death staining
Rat lenses (4 animals per each group, i.e. 8 lenses in each point) or
HLECs treatedwith 10 μMsodium selenite were stained for cell viability
and cell death using viability/cytotoxicity assay kits (Biotium Inc.). After
30 min incubation, cells were washed twice with phosphate buffered
saline (PBS) and subjected to ﬂuorescent microscopic imaging (Nikon,
Eclipse TE2000-U) with a green ﬁlter (450–490 nm) for viable cells
and with a red ﬁlter (510–560 nm) for dead cells, respectively [26,30,
31]. This viability/cytotoxicity assay kit is consisted of calcein AM and
ethidium homodimer-III (EthD). Calcein AM is a non-ﬂuorescent sub-
strate that freely passes through the cellmembrane and is cleaved by in-
tracellular esterases to formhighlyﬂuorescent calcein,which is retained
in the live cells and imparts intense green color ﬂuorescence. EthD, a
membrane-impermeable ﬂuorescent dye, undergoes a ﬂuorescence en-
hancement upon binding with nucleic acids and imparts red color ﬂuo-
rescence. EthD is only able to enter into the dead cells, because the
plasma membranes of those cells are compromised.
2.4. Intracellular ROS staining
Rat lenses (4 animals per each group, i.e. 8 lenses in each point) or
HLECs treated with 10 μM sodium selenite were stained by adding 1 μM
2′,7′-dichlorodihydroﬂuorescein diacetate (H2-DCFH-DA) (Invitrogen)
in PBS for 30min. Then the cells werewashed twicewith PBS, and exam-
ined under a ﬂuorescent microscope (Nikon, Eclipse TE2000-U) with a
green ﬁlter (450–490 nm) [26,30,31].
2.5. TUNEL staining
TUNEL staining was performed with an in situ ﬂuorescent cell death
detection kit (Roche Diagnostics) according to the manufacturer's pro-
tocol using a ﬂuorescent microscope (Nikon, Eclipse TE2000-U) with a
green ﬁlter (450–490 nm) [28].
2.6. DNA fragmentation
Genomic DNA was isolated from HLECs treated with/without 10 μM
sodium selenite using Quick-gDNA™MicroPrep (Zymo Research) and
was separated by electrophoresis in 2% (w/v) agarose gel containing
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under UV light using ChemiDoc™ XRS+ imaging system (Bio-Rad)
and analyzed with Image Lab 3.0 software (Bio-Rad).
2.7. Calcium imaging
HLECs were loaded with 5 μM Fluo-3, AM with Pluronic® F-127
(Invitrogen) in DMEM containing 1.8 mM CaCl2 for 30 min at 37 °C.
Cells were then washed twice with Ca2+-free DMEM before imaging.
1 μM sodium selenite was added to the cells in Ca2+-free DMEM and
time-lapse confocal live imagingwas conducted to assess the intracellu-
lar Ca2+ changes. Cells earlier exposed to sodium selenite were then
challenged with 10 mM caffeine to assess the intracellular Ca2+ chang-
es, if any, for 2 min. Experiments were performed in line-scan mode by
using a Zeiss 410 confocal microscope (Carl Zeiss Inc.) and ﬁeld-
stimulating cells at 0.25 Hz (10 V for 10 ms), as described previously
[30,41]. Fluo-3 AM was excited by light at 488 nm, and ﬂuorescence
was measured at wavelengths of N515 nm.
2.8. Western blotting
HLECs were lysed with RIPA buffer (Cell Signaling Technology).
Western blottingwas performedwith antibodies speciﬁc to Bip (BDBio-
sciences, Franklin Lakes, NJ), C/EBP-homologous protein (CHOP), PKR-
like endoplasmic reticulum kinase (PERK), p-PERK, eukaryotic transla-
tion initiation factor 2α (eIF2α), p-eIF2α, inositol-requiring enzyme
1α (IRE1α), activating transcription factor 6 (ATF6), ER oxidoreductin
1 (Ero1)-Lα, Ero1-Lβ, protein disulﬁde isomerase (PDI), sarcoplasmic
reticulum calcium-transporting ATPase (SERCA), Nrf2, Keap1, glutathi-
one reductase (GR), catalase, ten–eleven translocation 1 protein
(TET1), DNA methyltransferase (Dnmt) 1, Dnmt3a, Dnmt3b (Santa
Cruz Biotechnology), and GAPDH (Novus Biologicals) as described else-
where [26,30,31]. The speciﬁcity of each antibody was validated in
HLECs prior to conduct experiments. The intensity of each band was
normalized to that of GAPDH, and the data were presented as a relative
intensity using the ImageJ analysis software [40].
2.9. RT-qPCR
Total RNAwas isolated from theHLECswith Quick-RNA™MicroPrep
solution (Zymo Research). The column puriﬁed total RNA was reverse
transcribed by iScript™ Reverse Transcription Supermix for real-time
PCR (Bio-Rad) and was analyzed by MiniOpticon™ Real-Time PCR De-
tection System (Bio-Rad) using the SsoFast™ EvaGreen® supermix
(Bio-Rad) as described elsewhere [26,30,31]. The primer sequences
were designed using the ProbeFinder software (Roche) and were syn-
thesized commercially. Primers used for RT-qPCR are listed in
Table S1. The speciﬁcity of the listed primers was veriﬁed by using the
in silico PCR (http://insilico.ehu.es/) and the National Center for Bio-
technology Information primer blast tool. The PCR products of those
primers also visualized by 2% agarose gel electrophoresis and veriﬁed
by DNA sequencing. In addition, the Validated All-in-One™ qPCR
primers for Nrf2-target genes such as, glutamate-cysteine ligase catalytic
subunit (Gclc), glutamate-cysteine ligasemodiﬁer subunit (Gclm), quinone
reductase (Nqo1), thioredoxin reductase 1 (TrxR1) and sulﬁredoxin-1
(Srxn1) were purchased from GeneCopoeia and catalogs numbers are
listed in the Table S2. Brieﬂy, each reaction was carried out in triplicate
and three independent experiments were run. Standard curves were
prepared to determine individual PCR ampliﬁcation efﬁciencies by
using a serial dilution of a reference sample and was included in each
real-time run to correct for possible variations in product ampliﬁcation.
The relative copy numbers were obtained from the standard curve and
were normalized to the values obtained for Gapdh, the internal control.
Data acquisition, analysis and PCR efﬁciencies were done using CFX
manager 3.1 software (Bio-Rad).2.10. Bisulﬁte genomic DNA sequencing
The genomic DNA from cultured HLECs treated with 10 μM sodium
selenite for 24 h was subjected to bisulﬁte conversion by EZ DNA
Methylation-Direct™ kit (Zymo Research). The bisulﬁte-modiﬁed DNA
was ampliﬁed by bisulﬁte sequencing PCR using Platinum® PCR
SuperMix High Fidelity (Invitrogen) with primers speciﬁc to human
Keap1 promoter (Table S3). Then, the ampliﬁed PCR products were
cleaned by gel extraction with Zymoclean™ Gel DNA recovery kit
(Zymo Research), then cloned into pCR®4-TOPO vectors using TOPO
TA Cloning® kit (Invitrogen). The recombinant plasmids were trans-
formed into One Shot® TOP10 chemically competent E. coli (Invitrogen)
using the regular chemical transformation method. Plasmid DNA were
isolated from about 10 independent clones of each amplicon with
PureLink™Quick PlasmidMiniprep kit (Invitrogen) and then sequenced
(High-Throughput DNA Sequencing and Genotyping Core Facility, Uni-
versity of Nebraska Medical Center, Omaha, NE) to determine the status
of CpGmethylation. Clones with an insert with N99.5% bisulﬁte conver-
sion, i.e., non-methylated cytosine residues to thyminewere included in
this study, and the remainingwas excluded. Then the sequenced data of
each clonewas analyzed for DNAmethylation in the Keap1 promoter by
BISMA software (http://biochem.jacobs-university.de/BDPC/BISMA/)
using default ﬁltering threshold settings [42].
2.11. Proteasomal degradation studies
HLECs were precultured with 2.5 μM and 5 μM MG-132 (Selleck
Chemicals), a proteasome protease inhibitor for 4 h, then, followed by
a washout in regular medium, with or without 2 μM sodium selenite
for 24 h. The harvested cells were lysed using RIPA buffer and the pro-
teins were analyzed by Western blotting using the antibodies speciﬁc
to Keap1 and Nrf2.
2.12. Statistical analysis
The resultswere expressed asmean±SD, and statistical signiﬁcance
was determined by student's t test or one-way ANOVA followed by the
post hoc test, least signiﬁcant difference using the SPSS (version 15.0)
software (SPSS Inc.). Values were considered statistically signiﬁcant
when p b 0.05.
3. Results
3.1. Selenite induces LECs death and nuclear cataract in 13-day-old
suckling rats
Single subcutaneous injection of sodium selenite (20 μmol/kg body
weight) to 13-day-old Sprague–Dawley suckling rats developed cortical
opacities and nuclear cataract within 4–6 days. The cell viability/death
staining revealed that most of the LECs were alive (Fig. 1A and B), and
no LECs death (EthD positive cells) were found in the control suckling
rats (Fig. 1C and D). However, the lenses enucleated from sodium sele-
nite injected suckling rats by days 2 and 3 shown various sizes of dark
holes all over the LECs with signiﬁcant amounts of LECs death just
under the lens capsule. Further the number of live LECs was decreased
signiﬁcantly, and more than half of the LECs were EthD positive cells
by day 6. By day 9, there were not many dead cells seen but the most
LECs of equatorial region became like normal LECs. The apparent nucle-
ar cataractwas found at day 6 in rats administeredwith sodiumselenite,
however, control rats shown clear lens (Fig. 2A and B). As shown by
densitometry surface plot (Fig. 2C and D) and linear plot proﬁles
(Fig. 2E), the lens opacity at day 6 is evident in rats administered with
sodium selenite (Fig. 2F). These results suggest that selenite toxicity
killed the LECs and possibly ﬁber cells in ﬁrst few days and then new
LECs are generated in the mitotic zone to recover from the loss of LECs
in equatorial region of the lenses.
Fig. 1.Cell viability and cell death in the lenses enucleated for sodiumselenite injected suckling rats. A. Representative photomicrographsof calceinAMstainedviable live cells in lenses (n=8)
enucleated for sodium selenite injected suckling rats for various time course. The scale bar indicates 100 μm. B. Bar graph shows the percentage of live cells measured from the lenses (n=8)
enucleated for sodium selenite injected suckling rats for various time course. The data are presented as themean±SD. *p b 0.05, vs control group. C. Representative photomicrographs of EthD
stained dead cells in lenses (n = 8) enucleated for sodium selenite injected suckling rats for various time course. Signiﬁcant level of cell death was found in rat lenses injected with sodium
selenite between 2 and 6 days. The scale bar indicates 100 μm. D. Bar graph shows the percentage of cell death measured from the lenses (n = 8) enucleated for sodium selenite injected
suckling rats for various time course. The data are presented as the mean ± SD. *p b 0.05, vs control group.
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suckling rat lenses
We enucleated the rat lenses on day 1, day 2, day 3, day 4, day 6, and
day 9, after the selenite injection, and stained those lenses for intracel-
lular ROS levels (Fig. 3A and B). Overall, the indicative ﬂuorescence of
dichloroﬂuorescein (oxidized form of H2-DCFH-DA) was increased
within 24 h, however, the ﬂuorescence was appeared to be high in
LECs as well as in lens ﬁber cells by day 2. But, the ﬂuorescence levels
were decreased notably between day 3 and day 4, and nearly undetect-
able by day 6 and day 9. These results are consistent with others that a
60% decrease of lens free glutathione within 24 h of post-selenite treat-
ment [4,5,43,44]. Further, we found signiﬁcantly elevated intracellular
ROS production by day 2 in the cortical lens ﬁber cells of lenses enucle-
ated from selenite injected suckling rats than that of other ER stressorsFig. 2. Cataract formation in the lenses enucleated for sodium selenite injected suckling rats A
ground light. B. Cataractous lens enucleated from rats injected with sodium selenite after 6 da
distribution in clear lenses enucleated from saline injected suckling rats at day 6 using ImageJ so
selenite injected suckling rats at day 6 using ImageJ software. These surface plots shown that le
opacity in center of the lens. E. Plot proﬁles made by ImageJ software revealed cataract distribu
the lens opacity (in terms of arbitrary units) in clear and cataractous lenses. The data are presesuch as low glucose with hypoxia [26,45], homocysteine [26], and
tunicamycin [28]. These results suggest that sodium selenite induces ex-
aggerated production of intracellular ROS in the LECs as well as in the
newly differentiated lens ﬁber cells, which can induce the ER stress re-
sponse, subsequently.
3.3. Selenite induces intracellular ROS overproduction and cell death in
cultured HLECs
Next, we tried to analyze the ER stress speciﬁc proteins in the LECs of
lenses enucleated from selenite injected rats by Western blot analysis.
Due to detachment of LECs from the capsule, and liquefaction of
young lens ﬁber cells, we could not obtain LECswithout signiﬁcant con-
taminations with lens ﬁber proteins. We also could not visualize intra-
cellular Ca2+ release from the ER in the rat lenses treated with sodium. Clear lens enucleated from control rats and photographed in a PBS buffer without back-
ys, and photographed in a PBS buffer without background light. C. Surface plot of opacity
ftware. D. Surface plot of opacity distribution in cataractous lenses enucleated from sodium
nses enucleated from sodium selenite injected suckling rats at day 6 have compact nuclear
tion (y axis) relative to the distance from the center of the lens (x axis). F. Bar graph shows
nted as the mean ± SD. *p b 0.05, vs control group.
Fig. 3. ROS production in the lenses (n = 8) enucleated for sodium selenite injected suckling rats. A. The representative ﬂuorescent photomicrographs of H2-DCFH-DA staining for ROS
production in lenses enucleated for sodium selenite injected suckling rats for varying time course. B. Bar graph shows the total ﬂuorescence intensity measured from the images of the
lenses enucleated for sodium selenite injected suckling rats for various time course. Background ﬂuorescence level was corrected. The data are presented asmean± SD. *p b 0.05, vs con-
trol group. The scale bar indicates 0.25 mm.
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tured HLECs (SRA01/04) treated with sodium selenite.
At ﬁrst step, HLECs were cultured with 10 μM sodium selenite for
varying time course and stained for live and dead cells using calcein
AM (Fig. 4A and B), and EthD staining (Fig. 4C and D), respectively.
The intracellular ROS production also stained by H2-DCFH-DA staining
(Fig. 4E and F). The cell death was initiated after 2 h, and reached to a
plateau by 10 h in HLECs treated with 10 μM sodium selenite. Then,
the cell death was decreased signiﬁcantly after 15 h to 24 h (Fig. 4C
and D). This decrease is due to washing of ﬂoating death cells during
washing process, so that the number of live cells also signiﬁcantly de-
creased in HLECs treated with μM sodium selenite for 15 h to 24 h
(Fig. 4A and B). Interestingly, cell death was increased about 2 h after
ROS production. Further, ROS production and cell death were occurred
much earlier than that of lenses enucleated from sodium seleniteFig. 4. Cell viability, cell death and ROS production inHLECs treatedwith sodium selenite for var
HLECs treated with 10 μM sodium selenite for 2, 6, 8, 10, 15, and 24 h. The scale bar indicates 1
treated with 10 μM sodium selenite for 2, 6, 8, 10, 15, and 24 h. The data are presented as mean
photomicrographs of EthD staining for cell death inHLECs treatedwith 10 μMsodium selenite fo
cell death measured from the images of the HLECs treated with 10 μM sodium selenite for 2, 6
iments. *p b 0.05, vs control group. E. Representative ﬂuorescence photomicrographs of H2-DCF
10, 15, and 24 h. The scale bar indicates 100 μm. F. Graph shows the totalﬂuorescence intensitym
selenite for 2, 6, 8, 10, 15, and 24 h. Background ﬂuorescence level was corrected. The data are pinjected suckling rats. This discrepancy can be generated by the lag
times of sodium selenite delivery into the rat lenses.
Further, HLECs treated with 5 and 10 μM sodium selenite for 24 h
showed the TUNEL-positive cells indicating that the cell death was in-
deed apoptosis (Fig. 5A). In addition, HLECs treated with 10 μM sodium
selenite for 24 h showed signiﬁcant DNA fragmentation (Fig. 5B), which
are consistent with the results of earlier reports [8,46]. Even though so-
dium selenite treatment produces signiﬁcant TUNEL positive HLECs in
dose dependentmanner, theDNA fragmentation is smear insteadof dis-
creet multiple fragments.
3.4. Selenite releases ER-Ca2+ in HLECs
Next, we studied the selenite-induced ER-Ca2+-release in HLECs by
time-lapse confocal laser scanning microscopy, because ER is a majorying time course. A. Representative photomicrographs of calcein AMstaining for viable live
00 μm. B. Graph shows the percentage of live cells measured from the images of the HLECs
± SD from three independent experiments. *p b 0.05, vs control group. C. Representative
r 2, 6, 8, 10, 15, and 24 h. The scale bar indicates 100 μm.D. Graph shows the percentage of
, 8, 10, 15, and 24 h. The data are presented as mean ± SD from three independent exper-
H-DA staining for ROS production in HLECs treated with 10 μM sodium selenite for 2, 6, 8,
easured from the images of theHLECs (n=30 in each group) treatedwith 10 μMsodium
resented asmean± SD from three independent experiments. *p b 0.05, vs control group.
Fig. 5.TUNEL staining andDNA fragmentation assay inHLECs treatedwith sodium selenite. A. Representative photomicrographs of the TUNEL stainingof culturedHLECs treatedwith 5 and
10 μMsodium selenite for 24 h. The scale bar indicates 100 μm. The percentage of TUNEL positive cells was signiﬁcantly increased compared to that of control HLECs as indicated in the bar
diagram. B. DNA fragmentation in HLECs treated with 10 μM sodium selenite for 24 h.
Fig. 6.Mobilization of Ca2+ from ER and protein expression level of SERCA in HLECs
treated with sodium selenite. A. Graph shows the mobilization of Ca2+ from ER,
when challenged with 1 μM sodium selenite for about 4 min. In graph, “a” denotes
the time at which 1st dose of 1 μM sodium selenite was added to study the ER-
Ca2+ release in HLECs. Three independent experiments were performed and all of
which were exhibited similar pattern of Ca2+ release from ER when challenged
with sodium selenite. B. Protein blot analysis of SERCA in HLECs treated with 10 μM
sodium selenite for various times. GAPDH was probed as a loading control. The
data are presented as mean ± SD from three independent experiments. One-way
ANOVA followed by post hoc test least signiﬁcant difference was used to determine
the statistical signiﬁcance: *p b 0.05.
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reactions and protein chaperone functions necessitate higher levels of
ER-Ca2+. If there is any perturbations in the ER-Ca2+ distribution and
regulation, that eventually alters the vital cellular functions leading to
apoptosis through terminal UPR [30,47]. Upon addition of 1 μM sodium
selenite, we found spontaneous release of Ca2+ at random locations
within HLECs until 50 s (Fig. 6A). After that the Ca2+ release was signif-
icantly increased around 62 s and was slowly continue to decrease
about 240 s (Fig. 6A). Similarly, we did not ﬁnd any visible alterations
in the selenite-induced spontaneous Ca2+ release by using Ca2+ con-
taining culture medium (data not shown). This result suggests that sel-
enite was eliciting Ca2+ release from the ER. In addition, we found
decreased expression levels of SERCA protein, an ER-speciﬁc Ca2+
pump, in HLECs treated with 10 μM sodium selenite for 24 h (Fig. 6B)
suggesting that selenite treatment induced the variations of intracellu-
lar Ca2+ homeostasis by releasing ER-Ca2+ as well as decreased the
SERCA level in HLECs leading to ER stress activation.
3.5. Selenite induces ER stress and chronic UPR in HLECs
The activation of UPR depends on the concentration and duration of
exposure to the ER stressors. But chronic UPR ultimately results in the
inability to restore cellular homeostasis, eventually triggering apoptosis
[26,27,30]. We next examined the sodium selenite mediated induction
of ER stress and activation of UPR in HLECs. The expression levels of
UPR speciﬁc proteins were analyzed in cultured HLECs treated with
10 μM sodium selenite for varying time course (Fig. 7). Sodium selenite
activates ER stress by phosphorylating PERK by 4–8 h and IRE1α by 12
and 24 h. It is clear that the protein expression of ATF6 (90 kDa)was de-
creased in HLECs treated with 10 μM sodium selenite by 2, 4 and 8 h.
However, the cleaved active protein expression of ATF6 (50 kDa) was
signiﬁcantly increased, which suggesting that ER stress signaling was
apparently activated. Interestingly, the ratios between p-eIF2α and
eIF2α were increased in HLECs treated with 10 μM sodium selenite for
8 h. By contrast, the protein expression level of BiP was particularly de-
creased in HLECs treated with 10 μM sodium selenite for 24 h. Further,
the death factor, CHOP protein expression was signiﬁcantly decreased
at 2–8 h, but it wasnotably elevated at 12–24h suggesting the increased
cell death (Fig. 7). These results suggest the induction of ER stress and
strong activation of UPRwithin 24 h by 10 μMsodium selenite in HLECs.
Fig. 7.Activation of ER stress-mediatedUPR signaling proteins inHLECs treatedwith sodiumselenite. Immunoblot of p-PERK, PERK, p-elF2α, elF2α, IRE1α, 90 kDa-ATF6, 50 kDa-ATF6, BiP
and CHOP in HLECs treated with10 μM sodium selenite for various times. GAPDH was probed as a loading control. The data are presented as mean ± SD from three independent exper-
iments. One-way ANOVA followed by post hoc test least signiﬁcant difference was used to determine the statistical signiﬁcance: *p b 0.05.
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Then, we investigated the protein expression proﬁles of ER localized
oxidative enzymes such as Ero1-Lα, and Ero1-Lβ, and PDI in HLECs
treated with 10 μM sodium selenite for varying time course. Since, ER
is the major site of calcium storage and protein folding with a unique
oxidizing-folding machinery, any alterations in the oxidative environ-
ment of the ER and also ER Ca2+ cause the production of ER stress-
mediated ROS. The ER redox homeostasis is routinely accomplished by
a protein relay between ER localized oxidative enzymes Ero1-Lα, and
Ero1-Lβ, and PDI [48,49]. Oxidized Ero1-Lα ﬁrst transfers its disulﬁde
bond to PDI, which in turn oxidizes substrates, with the backward
ﬂow of electrons. The terminal electron acceptor is molecular oxygen.
In the UPR, the level of Ero1-Lβ is increased and Ero1-Lα is decreased
[50]. Gess and his colleagues also reported that activation of UPR by
tunicamycin, a known ER stressor, strongly induced Ero1-Lβ and more
moderately Ero1-Lα expression in rat aortic vascular smooth muscle
cells [51]. In our study, the level of Ero1-Lα was increased in HLECs
treated with 10 μM sodium selenite for 8, 12 and 24 h compared to
that of control HLECs (Fig. 8). Conversely, the protein expression level
of Ero1-Lβwas signiﬁcantly decreased in HLECs treated with 10 μM so-
dium selenite for 8, 12 and 24 h (Fig. 8). But, the protein expression level
of PDI was decreased only in HLECs treated with 10 μM sodium selenite
for 12 and 24 h (Fig. 8). Since the ROS production in HLECs treated with
10 μM sodium selenite was plateau at 8 h and the after that the levels of
ROS was declined signiﬁcantly suggesting that ROS production and ER
localized oxidative enzymes have good agreement.3.7. Selenite suppresses the Nrf2 dependent antioxidant protection inHLECs
Next, we studied the protein expression levels of Nrf2 dependent
protection proteins in HLECs treatedwith 10 μMsodium selenite for dif-
ferent time courses. Nrf2 dependent antioxidant protection system
plays a crucial role in scavenging ROS generated during various bio-
chemical reactions. We found that the protein expression levels of
Nrf2, and Nrf2-target genes, GR, and catalase were signiﬁcantly de-
creased in HLECs treated with 10 μM sodium selenite with time depen-
dent manner when compared to control HLECs (Fig. 8). However, the
protein expression level of Keap1, a negative regulator of Nrf2, wassigniﬁcantly increased in HLECs treated with 10 μM sodium selenite
for 4, 8, 12, and 24 h (Fig. 8). These results suggest that Nrf2 dependent
antioxidant protection was suppressed upon stress in HLECs.
3.8. Selenite induces loss of Keap1 promoter DNA methylation thereby
suppressing the Nrf2-target genes in HLECs
We recently reported the promoter DNA demethylation of Keap1
gene in diabetic cataractous lenses as well as in HLECs treated with
valproic acid (an antiepileptic drug), tunicamycin (an ER stressor), and
5-Aza-2′-deoxycytidine (an irreversible inhibitor of Dnmts) and this pro-
moter DNA demethylation of Keap1 gene results in overexpression of
Keap1 protein [30,31]. Being a negative regulator of Nrf2, overexpressed
Keap1 protein suppresses the Nrf2 protein level. As an outcome, cellular
redox balance is altered towards lens oxidation and cataract formation.
Hence, we set to study the promoter DNA demethylation of Keap1 gene
in HLECs treated with 10 μM sodium selenite. We already reported the
CpG island status of human Keap1 gene in our previous reports [30,31].
Human Keap1 gene contains a predominant CpG island located between
−460 and +341 with a total number of 68 CpG dinucleotides [31]. We
found that the CpG dinucleotides found in the human Keap1 promoter
region (20 CpGs between−433 and−96) have predominantly under-
gone loss of methylation by epigenetic means [30,31]. Interestingly,
bisulﬁte genomic DNA sequencing studies reveled 10% loss of 5-
methylcytosine in the Keap1promoter of HLECs treatedwith 10 μMsodi-
um selenite for 24 h (Fig. 9B) than that of control HLECs (Fig. 9A). It is
well-known that the promoter DNA demethylation of Keap1 gene ulti-
mately results in overexpression of Keap1 protein leading to proteasomal
degradation of Nrf2 protein, because Keap1 is a negative regulatory pro-
tein for Nrf2. To test this, we investigated the mRNA expression proﬁles
of Keap1 and Nrf2 in HLECs treated with 10 μM sodium selenite for 24
h by RT-qPCR. Excitingly, we found increased mRNA levels of Keap1 as
well as Nrf2 in HLECs treated with 10 μM sodium selenite (Fig. 9C).
These results suggest that sodium selenite-mediated promoter DNA de-
methylation ofKeap1 gene signiﬁcantly increases theKeap1 transcription
in HLECs.
Next, we studied the mRNA expression proﬁles of Nrf2-target genes
such as, Gclc, Gclm, Nqo1, TrxR1 and Srxn1 in HLECs treated with sodium
selenite for 24 h, because the Nrf2 protein is suppressed by higher levels
of Keap1 protein leading to suppress the availability of Nrf2 for these
Fig. 8. Altered protein expressions of ER localized oxidative enzymes and suppression of Nrf2 dependent antioxidant protection in HLECs treated with sodium selenite. Immunoblot of
Ero1-Lα, Ero1-Lβ, PDI, Nrf2, Keap1, GR and catalase in HLECs treated with 10 μM sodium selenite for various times. GAPDH was probed as a loading control. The data are presented as
mean ± SD from three independent experiments. One-way ANOVA followed by post hoc test least signiﬁcant difference was used to determine the statistical signiﬁcance: *p b 0.05.
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expression proﬁles of these Nrf2-target genes were signiﬁcantly de-
creased inHLECs treatedwith sodiumselenite for 24 h (Fig. 9D). This re-
sults strongly support that sodium selenite suppresses the Nrf2/Keap1
dependent antioxidant protection in HLECs.
3.9. Selenite extends proteasomal degradation of Nrf2 protein in HLECs
From Fig. 9C, we can understand that themRNA expression proﬁle of
Nrf2 in HLECs treated with 10 μM sodium selenite also increased signif-
icantly when compared to control HLECs. However, the protein expres-
sion proﬁle of Nrf2 was decreased signiﬁcantly in HLECs treated with
10 μM sodium selenite also increased signiﬁcantly when compared to
control HLECs (Fig. 8). We expect that this discrepancy is due to
proteasomal degradation (ERAD) of Nrf2. To conform this, HLECs were
pretreatedwith 2.5 and 5 μMMG-132, an inhibitor of proteasome prote-
ase, for 4 h. Then, the pretreated HLECs were treated with 1 μM sodium
selenite for another 24 h. The protein expression proﬁle revealed that so-
dium selenite treatment to HLECs augments signiﬁcant proteasomal
degradation of Nrf2, but not the Keap1 protein (Fig. 10). However,
MG-132 pretreated HLECs then cultured with 1 μM sodium selenite for
24 h revealed signiﬁcant increase in the protein expressions of Nrf2
and Keap1 than that of HLECs treated with 1 μM sodium selenite alone.
These results further suggest that sodium selenite augments degrada-
tion of Nrf2 and Keap1 proteins through activation of proteasomal deg-
radation. However, it is unclear to us about the signiﬁcant reduction in
the Keap1 protein expression after MG-132 treatment, which requires
further detailed study. Conversely, HLECs treated with methylglyoxal
showed signiﬁcantly increased expression of Keap1 protein after pre-
treatment with MG-132 [55].
3.10. Selenite modiﬁes DNA demethylation pathway enzymes in HLECs
Next, we analyzed the protein expression proﬁles of active and pas-
sive DNA demethylation pathway enzymes inHLECs treatedwith 10 μM
sodium selenite for 24 h, since sodium selenite induces the promoter
DNA demethylation of Keap1 gene in HLECs. The RT-qPCR studies reveal
the signiﬁcantly increased expressions of mRNAs of passive DNA de-
methylation pathways enzymes such as, Dnmt1, Dnmt3a, and Dnmt3b,
as well as active DNA demethylation pathway enzyme, Tet1 in HLECs
treated with 10 μM sodium selenite for 24 h (Fig. 11A). Further, wefound that the protein expression proﬁles of passive DNA demethyla-
tion pathway enzymes such as Dnmt1, and Dnmt3a were signiﬁcantly
decreased (rather Dnmt3b was increased) in HLECs treated with
10 μM sodium selenite for variable times than that of control HLECs
(Fig. 11B). Further, the protein expression of active DNA demethylation
enzyme, TET1 was signiﬁcantly increased in HLECs treated with 10 μM
sodium selenite for 8, 12 and 24 h when compare to control HLECs
(Fig. 11B). These results suggest the involvement DNA demethylation
pathway enzymes in the promoter DNA demethylation of Keap1 gene
in HLECs treated to 10 μM sodium selenite.
4. Discussion
The selenite-induced cataract formed in young suckling rats is one of
the most commonly used animal models for nuclear cataract [8]. The
single subcutaneous injection of sodium selenite into young suckling
rats results in cortical opacities and nuclear cataract within 4–6 days
[56]. This model holds various advantages like early cataract formation,
convenience, and reproducibility. Further, selenite-induced cortical cat-
aracts principally involved in protein degradation, liquefaction, and ab-
normal ﬁbrogenesis.
Selenite potentially oxidizes various cellular components, principal-
ly all proteins by forming a covalent linkage with protein sulfhydryl
groups [8]. There are several reports indicating the loss of thiol groups
in the LECs exposed to sodium selenite [57]. Sodium selenite also re-
ported to change the conformational structure by oxidizing –SH group
in the cysteine residues of Bax, tubulin and AE1 proteins to form a disul-
ﬁde bridges (protein–S–Se–S-protein) in the ER leading to ER stress and
apoptosis [20–22]. Our results are also consistentwith these reports and
infer the misfolded proteins-mediated ER stress. These results further
suggest that selenite can interact with membrane and secretory lens
proteins leading to protein conformational change, which is a crucial
factor for severe ER stress.
Recent reports have connected the ER stress with ROS overproduc-
tion through oxidative protein folding [49,50,58]. Further, UPR also
mainly involved in the regulation of ER components coupled in ROS pro-
duction [59]. Similarly, Wang and his colleagues recently reported the
inﬂuence of Sigma-1 receptor, an ER stress regulator, against oxidative
damage through suppression of the ER stress responses in the human
lens [60]. A continuous supply of disulﬁde bonds is an essential compo-
nent of protein folding process and is introduced into the client proteins
Fig. 9. Loss of Keap1 promoter DNA methylation and suppression of Nrf2-target genes in HLECs treated with sodium selenite. A. Bisulphite genomic DNA sequencing of control HLECs
showing highlymethylated CpG dinucleotides. B. Bisulphite genomic DNA sequencing of HLECs treatedwith 10 μM sodium selenite for 24 h showing notably demethylated CpG dinucle-
otides in the region between−433 and−96 of Keap1 promoter. Eleven individual clones of the bisulﬁte convertedDNA sequences of HLECswere analyzed for DNAmethylation (contains
20 CpG dinucleotides) of the Keap1 promoter by BISMA software using default ﬁltering threshold settings (http://biochem.jacobs-university.de/BDPC/BISMA/). Each column represents a
CpG dinucleotide site and each square indicates a CpG dinucleotide. Red squares represent methylated CpG dinucleotides. Blue squares represent unmethylated CpG dinucleotides, and
white-square represents CpG status not determined. The color gradient bar shows that red region contains more methylated CpG dinucleotides and blue region contains more
unmethylated CpG dinucleotides. C. RT-qPCR analyses of HLECs treated with 10 μM sodium selenite for 24 h showing the increased expressions of Keap1 and Nrf2mRNAs. D. RT-qPCR
analyses of HLECs treated with 10 μM sodium selenite for 24 h showing the decreased expression of Nrf2-target genes, such as Gclc, Gclm, Nqo1, Srxn1, and TxrR1mRNAs. Fold change
in the gene expressions were normalized with the internal control, Gapdh. The data are presented as mean ± SD from three independent experiments. *p b 0.05, vs control group.
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transfers the electrons from PDI to molecular oxygen leading to ROS
production [61]. Due to its toxicity, sodium selenite stimulatesFig. 10. Prevention of sodium selenite-mediated protein degradation in HLECs byMG-132, a pro
and 5 μMMG-132 for 4 h, followed by a washout in regular medium, with or without 1 μM so
mean ± SD from three independent experiments. One-way ANOVA followed by post hoc testexaggerated production of ROS prior to death of LECs. Our results
showed that Ero1-Lα was signiﬁcantly increased and PDI and Ero1-Lβ
was signiﬁcantly decreased in HLECs treated with sodium selenite forteasome protease inhibitor. Immunoblot of Nrf2, and Keap1 in HLECs preculturedwith 2.5
dium selenite for 24 h. GAPDH was probed as a loading control. The data are presented as
least signiﬁcant difference was used to determine the statistical signiﬁcance: *p b 0.05.
Fig. 11. Altered expressions of passive and active DNA demethylation pathway enzymes in HLECs treated with sodium selenite. A. RT-qPCR of passive DNA demethylation pathway en-
zymes, such as Dnmt1, Dnmt3a, and Dnmt3b, and active DNA demethylation pathway enzyme, Tet1 in HLECs treatedwith 10 μM sodium selenite for 24 h. Fold change in the gene expres-
sions were normalized with the internal control, Gapdh. B. Immunoblot of passive DNA demethylation pathway enzymes, Dnmt1, Dnmt3a, and Dnmt3b, and active DNA demethylation
pathway enzyme, TET1 in HLECs treated with 10 μM sodium selenite for 24 h. GAPDH was probed as a loading control. The data are presented as mean ± SD from three independent
experiments. One-way ANOVA followed by post hoc test least signiﬁcant difference was used to determine the statistical signiﬁcance: *p b 0.05.
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gered by a robust ER stress stimulus or through the combination of
low level of ER stress with prolonged time duration. Li and his col-
leagues also reported that increased Ero1-Lα is responsible for trigger-
ing CHOP-mediated apoptosis [62]. These ﬁndings differ from other
cataractogenic stressors such as valproic acid [30], low glucose and hyp-
oxia [26], homocysteine [26], calcium ionophore (A23178), tunicamycin
[28], and galactose [29]. These stressors maintain higher levels of PDI,
and Ero1-Lβ in HLECs, with decreased Ero1-Lα. Further loss of PDI
also inhibits the ROS production relay during oxidative protein folding
[63]. These observations suggest that selenite did not produce the ROS
by PDI/Ero1-Lβ pathway in HLECs but produce frommitochondrial dys-
function as reported [6]. Other reports also supported the notion about
superoxide production through the mitochondria-dependent pathway
in human prostate cancer cells [64] as well as in A549 human lung car-
cinoma cells treated with selenite [65]. Further the lenses enucleated
from sodium selenite injected suckling rats by day 2 appeared to pro-
duce higher levels of ROS in LECs as well as the superﬁcial lens ﬁber
cells. Also, immature lensﬁber cells are relatively abundant in the lenses
of 16-day old rats and these lens ﬁber cells retain the cellular organelles
such as mitochondria, and ER, which could have release the ROS upon
selenite exposure. This induces signiﬁcant damages in the cortical re-
gion of the lens ﬁber cells leading to lens liquefaction.
In additionwith ERoxidizing environment, high ER-Ca2+ is critical for
proper protein folding. Depletion of ER-Ca2+ eventually results in protein
misfolding anddecreases chaperone function thereby activating ER stress
[66]. SERCA is a major regulator of ER stress, which actively pumps the
cytosolic Ca2+ into the ER store. It is reported that thapsigargin, an inhib-
itor of SERCA, blocked the cytosolic Ca2+uptake and created a chaotic en-
vironment in the ER lumen leading to ER stress with subsequent
activation of UPR [67,68]. Similarly, the Ca2+ ionophore, A23187, also re-
ported to disrupt ER-Ca2+ homeostasis thereby triggering severe ER
stress [69,70]. Likewise, arsenic trioxide also induces the ER stress by
disturbing calcium signaling thereby stimulating apoptosis in HLECs
[71]. The decreased protein expression of SERCA in HLECs treated with
sodium selenite suggests that the Ca2+ released from ER remains in the
cytosol and activates m-calpain.
Activated m-calpain, a Ca2+-dependent cysteine protease, in turn
translocated from cytosol to ER to cleave off the CARD pro-domain of
caspase-12 leading to activation of caspase-12, caspase-9, caspase-3,
and caspase-1 [25,72,73]. There are several reports that provide con-
vincing evidence that sodium selenite activates m-calpain activity in
the lenses of human as well as other animals [74]. Further, activated
m-calpain and caspases are reported to cleave off lens crystallin proteins
[7,17,46] leading to cataract formation [75]. Similarly, Nrf2 is also one of
the substrates for caspase-3, because Nrf2 has two caspase-3 cleavage
consensus sites at D208 and D366 of its aminoacid sequence [26,76].
This cleavage of Nrf2 results in 30 kDa and 50 kDa peptides and aredetected in HLECs treatedwith homocysteine, awell-known ER stressor
[26]. Thus elevated level of cytosolic Ca2+ activates multiple dysfunc-
tional machineries by sodium selenite-mediated ER stress.
Selenite also known to accelerate loss of various cytoskeletal pro-
teins such as actin, tubulin/vimentin, and spectrin, as well as unidenti-
ﬁed nuclear proteins of 49, 60 and 90 kDa and these cytoskeletal
proteins are mainly involved in the stabilization of transparent cell
structure [8,15]. Thus, degradation of cytoskeletal proteins and various
crystallin proteins are the crucial factors during early stages of
selenite-induced nuclear cataract formation. Further, clearance of sodi-
um selenite by the injected animals leads to normal LECs growing over
the damaged lens ﬁber cells after 9–10 days.
Further, it is well documented that LECs are known to induce ER
stress by various cataractogenic stressors. However, there is no informa-
tion about ER stress activation in the lens ﬁber cells, i.e. in immature lens
ﬁber cells which are losing cellular organelles or in differentiating lens
ﬁber cells.We found signiﬁcant level of ROSproduction in the cortical im-
mature lensﬁber cells inwhich cortical cataract to be appeared due to ex-
tensive liquefaction, protein degradation, and abnormal ﬁbrogenesis
[77]. Also, selenite is cataractogenic when only administered to young
rats [8], because large amount of immature lens ﬁber cells are present
in the cortical region at this time. Interestingly, Firtina and his colleagues
reported that the ER stress associated proteins such as BiP, PDI, X-box
binding protein 1, ATF4, ATF6, and p-PERK are expressed during normal
lens ﬁber cell differentiation [78]. In addition, we also reported the ex-
pression of Ero1-lβ in the cortical lens ﬁber cells of age-related catarac-
tous lenses from a 57-year-old individual [26]. Further, the EthD
staining (cell death staining) of lenses enucleated from sodium selenite
injected rats by day 2 and day 3 revealed disturbed lens ﬁber cells or ar-
tefact of premature lens ﬁber cells that has increased autoﬂuorescence in
the red channel. Similar resultswere found in rat lenses treatedwith var-
ious ER stressors, such as homocysteine [26], low glucose with hypoxic
conditions [26], galactose [29], tunicamycin, and calcium ionophore
[28]. But we couldn't found this pattern of staining in cultured HLECs
and control rats lenses. These results suggest that differentiating imma-
ture lensﬁber cells are highly susceptible to the ER stressors including so-
dium selenite leading to DNA degeneration in lens ﬁber cells. However,
this requires further detailed studies.
Sodium selenite treatment toHLECs results in signiﬁcantly increased
mRNA expressions of Nrf2, Keap1, Dnmt1, Dnmt3a, and Tet1. Ma and
his colleagues also reported the overexpression of m-calpain and
calpastatin mRNA in selenite-induced cataractous lenses [79]. The pos-
sible notions for the elevated mRNA expression levels are formation of
stress granules and loss of promoter DNA methylation. Stress granules
are large cytoplasmic ribonucleoprotein complexes that are accumulat-
edwhen cells are exposed to stress. Upon ER stress, p-PERK activates the
phosphorylation of eIF2α, which is essential for stress granules forma-
tion [80]. Stress granules promote the survival of the stressed cells by
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blocking pro-apoptotic signaling cascades [81]. This translational re-
pression results in storing mRNAs into the stress granules [80]. Some
RNAs are remained stored in the granuleswhile some RNAs are degrad-
ed and some others are returned to the cytoplasm for translation [82]. It
is possible that Keap1 and Nrf2mRNAs are stored and some of them are
in part degraded by the selection of the stress granules.
Further, Fujimura and his colleagues proposed that selenite-induced
stress granules formations differ from canonical mammalian stress
granules in respect of their morphology, composition, and mechanism
of assembly [81]. Their assembly is induced primarily by eTF4E-
binding protein 1-mediated inhibition of translation initiation, which
is reinforced by concurrent phosphorylation of eIF2α. Further,
selenite-induced stress granules lack various classical stress granules
components, including proteins involved in prosurvival functions of ca-
nonical stress granules [81]. Our results also consistent with these ﬁnd-
ings and provide an insights how does selenite stress work during
cataractogenesis. In addition, the mutations in the Tudor domain RNA
binding protein, one of the components of stress granules is reported
to induce glaucoma and cataract formation suggesting the vital role of
stress granules in cataract formation during lens development [83].
Due to lack of methodology to isolate these stress granules, we could
not quantify the mRNAs of Nrf2, Keap1, Dnmt1, Dnmt3a, Dnmt3b, and
Tet1 stored in the stress granules.
Selenite also induces general DNA degradation as described in vari-
ous reports [7,84], and the fragmented DNA signiﬁcantly suppresses
the transcription of various genes. However, we don't know whether
Tet1 and Keap1 genes are degraded in HLECs shortly after treated with
sodium selenite. Though the expression levels of these mRNAs are reg-
ulated bymultiple factors as well as multiple levels, we are anticipating
to investigate these aspects in the near future.
Additionally, loss of DNA methylation in the promoter region of a
gene activates its transcription whereas DNA methylation inhibits the
gene transcription. The loss of DNA methylation in the Keap1 promoter
of HLECs treated with sodium selenite activates the transcription of
Keap1 and results in signiﬁcantly higher levels of its mRNA and protein.
Sodium selenite also reported to induce hypomethylation in the hemo-
globin gene in Friend erythroleukemic cells [85]. Xiang and his col-
leagues also reported that sodium selenite treatment epigenetically
modulate DNA and histones to activate methylation-silenced genes in
prostate cancer cells [86]. These results indicate that transcriptional ac-
tivation by the loss of the DNAmethylation in part play a signiﬁcant role
in the overexpression of their mRNAs. In addition, sodium selenite re-
duces the levels of Nrf2 thereby suppresses the transcripts of Nrf2-
target genes in HLECs. This suppression of the Nrf2-target genes was
much greater than we expected.
In summary, our studies indicate the induction of ER stressmediated
activation of UPR, release of ER-Ca2+, overproduction of ROS and cell
death, and loss of Keap1 promoter DNAmethylation through the altered
expressions of active andpassive DNAdemethylation pathway enzymes
in HLECs treated with sodium selenite for 24 h. These sequential events
can be responsible for the failure of Nrf2-dependent antioxidant protec-
tion in HLECs thereby the lens redox system is altered towards lens ox-
idation leading to cataract formation.
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